This paper proposes an improved sensorless fault-tolerant control (FTC) for high-performance induction motor drives (IMD) that propels an electric-vehicle (EV). The design strategy is based on the Backstepping control (BC). However an appropriate combination of the BC and extended kalman filter (EKF) is done, this later is designed in order to detect and reconstruct the faults and also to give a sensorless control. Then, additional control laws, based on the estimates of the faults, are designed in order to compensate the faults. The results show the superiority EKF in nonlinear system as it provides better estimates for faults detection. A classical EV traction system is studied, using an IMD. Indeed, the IMD based powertrain is coupled to DC machine-based load torque emulator taking into account the EV mechanics and aerodynamics. Finally, the effectiveness of the proposed strategy for detection of faults, and FTC of the IMD is illustrated through simulation studies.
INTRODUCTION
A motor control system with high robustness is an important issue in research. Induction motor drives (IMD) are making significant inroads, because of robustness and rugged structure. They are widely used in industrial applications such as, electric vehicles (EVs), traction locomotives etc. In the last decade, fault tolerance becomes an interesting topic in their controls. The objective is to give solutions that provide fault accommodation to the most frequent faults and thereby reduce the costs of handling the faults.
Backstepping control (BC) is a robust control for nonlinear systems. Based on the Lyapunov stability tools, this approach offers great flexibility in the synthesis of the regulator and naturally lends itself to an adaptive extension to the case. This control technique offers good performance in both steady state and transient operations, even in the presence of parameter variations and load torque disturbances.
Generally, the fault information, such as where the fault is and how bad the fault is, can be very useful information in designing a fault tolerant controller.
In recent years various researches have been done in the field of motor fault detection and fault tolerant control. Actually, fault-tolerant control concepts are divided into "passive" and "active" approaches [1] [2] [3] . Assuming the possible faults are known a priori, the passive method takes into account of all these possible faults in the design stage and Online ISSN 1848-3380, Print ISSN 0005-1144 ATKAFF 57(3), 736-748(2016) does not change the controller when the fault occurs [2] [3] [4] . An active method usually uses a fault detection and isolation (FDI) unit to collect the fault information and changes the controller according to the fault [5, 6] . Depending on the fault severity, a new control structure is applied, after the fault has been detected and reconstructed. Within this framework, the main goal of FTC is to improve the reliability of the system, which is rarely associated with an objective criterion that guides a design. In terms of control, FTC approach using Backstepping control is proposed, to improve the induction motor drive performances in case of rotor and stator failure. It does not consider whether the fault has occurred or not. The faults are considered as uncertainties and are taken into account in the controller design. A further objective consists to avoid the use of the speed and flux sensors. A wide variety of estimation techniques, have been used for the parameters and speed estimations. These approaches include the model reference adaptive system method [7, 8] , speed observer method [9, 10] and the extended Kalman filter (EKF) [11, 12] . The EKF algorithm is an optimal recursive estimation algorithm for nonlinear systems. It processes all available measurements regardless of their precision, to provide a quick and accurate estimate of the variable of interest, and achieves rapid convergence.
In this work, the design of the fault tolerant controller for induction motors is based on the use of EKF for fault detection and reconstruction. Consequently, is considered to be the best solution for the speed and flux estimation using the measured state variables of an induction motor. On the other hand, a classical EV traction system is studied using a squirrel cage IMD. A separated excited DC load is thus controlled, to impose the same behavior of the mechanical power train to the IMD. Compared with the existing work already reported in the literature [13] [14] [15] [16] [17] [18] [19] [20] [21] , the contributions of this paper are in the following aspects:
• The combination of the Backstepping control and the EKF to design a sensorless fault tolerant control scheme for IMD in presence of the faults.
• The EKF is used to detect, reconstruct the faults and to estimate the state of an IM model, and for sensorless control.
• The exploitation of an observer (EKF) to actively counteract the effect of faults.
• The proposed of an architecture emulating the electric vehicle dynamics.
• This study is to propose a new control strategy to improve dynamic performance of the traction motor in the EVs.
The outline of this paper is as follows. Section 2 defines the control problem and describes the nonlinear system. The dynamic model of EV and the nonlinear model of induction motor in presence of faults is explains in section 3. Then, the sensorless Backstepping control based fault detection and reconstruction are presented in Section 4. The proposed fault tolerant control strategy is described in Section 5. Section 6 is devoted to the presentation of the simulation results obtained for various fault-free situations and fault scenarios when the proposed scheme is applied to the IMD. Finally, some concluding remarks are given in Section 7.
STATEMENT OF THE PROBLEM
Let us consider a nonlinear uncertain system described as follows [21] :
where f (x) is smooth nonlinear function represents the nonlinear input uncertainty of the system, x ∈ n is the measurable state vector, u ∈ m is the control input, V f is the control law designed for the faulty model, V f ∈ n , y is the detectable state vector and B, C are known real constant matrices with appropriate dimensions.
The control input u is defined by:
When there are no actuator faults in (2), the additional control laws (u ad = 0), so the control input becomes:
To achieve the above control objectives under a wide range of faulty conditions, we propose in this work a robust control, namely Backstepping control (BC). The objective of the proposed approach is to design a robust nonlinear controller. To achieve this goal, and to avoid the use of speed and flux sensors, an extended kalman filter (EKF) observer is introduced to estimate the state of IM in the two cases, healthy and faulty conditions. The observer converges in a finite time and leads to good estimates of the flux and the speed even in the presence of faults, the rotor and stator resistance variations, and the load torque disturbance.
The proposed flexible fault tolerant architecture is illustrated in Figure 1 . An alarm indicator is added to the system. The alarm signal will indicate that maintenance is needed if the fault is very big, then an alarm is sounded.
The proposed approach is applied to the traction system, which will be developed in the following section. 
MODELING OF THE TRACTION SYSTEM

Modeling and dynamics of the EV
The traction drive is composed of a voltage source inverter supplying a squirrel cage induction motor (Fig.2) , EV model and contact law between the wheel and the road are taken into account for dynamic modeling. However, the slip phenomenon is complex and requires specific controllers for good dynamic performance [22] .
The road load is given by [23] :
with F ad is the aerodynamic drag force, F ro is the rolling resistance force, F pr is the profile force of the road, and F sf is the Stokes or viscous friction force. The vehicle velocity v ev is obtained using the classical dynamics relationship with the traction and road load forces, F t and F w [24] :
With M ev is the mass of the electric vehicle. The mechanical equation (in the motor referential) used to describe each wheel drive is expressed by: Where J tm is the moment of inertia, T m is the motor torque, T B is the load torque accounting for friction and windage, and T L is the load torque.
The gearbox leads to the gearbox torque T W and the rotation speed ω W given by:
The load torque is then given by:
where N is the transmission ratio, η tr is the transmission efficiency, and R W is the wheel radius.
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The EV load torque emulator is based on DC machine (DCM) fed by a 4-quadrant chopper to control the generated current. Figure 1 shows then the proposed architecture emulating the EV dynamics.
Faulty Model of the Induction Motor
The model of the induction motor in the stationary reference frame with presence of faults is given by [19, 25] :
with:
where:
For simplicity, we define the following variables: The fault scenario considered in this paper addresses mechanical faults caused both by rotor and stator failures of the IM.
The presence of the faults generates asymmetry of the IM yielding some slot harmonics in the stator winding. In the two-phase model, it is possible to model this effect thinking of a sinusoidal component, which corrupts the stator currents:
These assumptions allow us to express the deviation of the stator currents values in presence of faults values as:
with n f is faults number,
where f i is the characteristic frequency of the fault and f a is the fundamental frequency.
In added f i = (1 ± 2k sa ωs ) with s a = ω s − ω r is the slip angular frequency. k, ω s are respectively positive integer and stator angular frequency.
In the induction motor, the presence of faults shows harmonic components on the stator currents with known frequency and unknown amplitude and phase. The frequency dependent on the kind of fault, which belongs to the two possible classes (rotor or stator faults). In (14) , the amplitude A i and phase ϕ i are unknown values depended on the faults severity [26] .
We define the exosystem by:
The additive perturbing terms in (14) , is considered as a suitable combination of the exosystem state, namely:
In this way the uncertainty on the amplitude and phase of the additive sinusoidal terms in the faulty condition reflects in that on the initial state of the exosystem, once the perturbing terms Q d Z andQ q Z are added, by deriving (18) the (x 1 − x 2 ) dynamics modify as:
Then the model of the IM in the presence of faults is given by (9) with exogenous input: With:
This equation is rewritten as follows:
SENSORLESS BACKSTEPPING CONTROL OF INDUCTION MOTOR
Backstepping Control
The backstepping control offered numerous advantages such as, achievement a high precision; ensure good stability of the system and good transient performance. The proposed control technique has high performance in transient and permanent regimes. The basic idea of this approach is to render the equivalent closed-loop system to stable subsystems by Lyapunov theory [27] [28] [29] .
Before applying this approach, we need to define a new variable representing the square of the rotor flux.
The rotor position is defined by the angle θ s given by:
We consider the square of the rotor flux:
According to (9) and (11), its derivative is given by:
The synthesis of this control is achieved in two successive steps:
First Step
We define two errors e 1 and e 2 representing respectively, the error between the real speed ω r and reference speed ω ref and the error between the square of the rotor flux and its reference x ref .
The derivative of (28) is given by:
In order to check the tracking performances, we choose the first Lyapunov candidate functionV 1 associated with the rotor flux and speed errors, such as:
Using Eq. (29), the derivative of Eq. (30) is written as follows:
Thus, the tracking objectives will be satisfied if we choose:
Therefore, (31) can be rewritten as:
where k 1 and k 2 are positive design constants that determine the closed loop dynamics. According to (33) , the controls x 1ref andx 2ref in (32) are asymptotically stabilizing.
Second Step
In this step, we define other errors in the components of the stator currents and their references. Let us recall the current errors, such as:
So the dynamics ofe 1 and e 2 are written:
From (34), (9) and (11), the derivative errors dynamics in (33) are given by:
In this step we define the control laws, while final Lyapunov function based on all the errors of the speed, the rotor flux and the stator currents, such as:
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Its derivative with respect to time is:
According to (34) and (35), this equation can be rewritten as follows:
(40) The stator voltages control is, then deduced as follows:
(41) Then, (36) can be expressed as:
The choice of k 3 and k 4 as positive parameters can madė
To show boundedness of all states, we can rearrange the dynamical equations from (35) and (42) as: 
(44) In Eq. (43), the matrix H can be shown to be Hurwitz, this proves the boundedness of all the states.
EKF as Faults Estimation and Speed Observer
This section considers the use of extended kalman observer for fault detection and reconstruction. EKF is employed to estimate the motor state variables by only using the measurements of stator voltages and currents [30] . EKF uses errors estimation signal for the estimation of faults and states.
The discrete IMD state model used by the EKF is developed in the stationary reference frame and summarized by:
where ω (k) and v (k) are white Gaussian noise processes with covariance matrices Q (k) and R (k), but the covariance matrix of noise vector, which is shown below:
According to equations (9) and (11) withV f = 0, the matrix g and h are given by:
(46) The predicted covariance matrix is estimated by:
The Kalman gain matrix is obtained by:
(48) The error covariance matrix is obtained by:
(49) The estimated speed is considered as a variable parameter. A global observer structure can be written as:
K is the observer gain matrix which is selected to insure the error stability. The global adaptive flux and speed observer structure is illustrated in figure (3) . Then the speed adaptive mechanism is given by:
where z 1 = (x 3 −x 3 ) and z 2 = (x 4 −x 4 ), K p , K i are positive gains.
Thus, the speed value is estimated by a simple PI controller, to minimize the error:
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PROPOSED FAULT-TOLERANT STRATEGY AND LOAD DRIVE CONTROLLER
A fault-tolerant system is a system able to detect the presence of faults and being able to maintain stability and better performance capabilities of the system [32] . The additive control (u ad =V f ) is added to the nominal control to compensate the faults effect (FTC aspect). It assumes that the effects of faults on the system can be adequately modeled by an exogenous signal from a stable autonomous system called exosystem [33] . The IMD will be evaluated using a controlled load drive. This load drive has to impose the same rotation speed as imposed by the mechanical power train (EV dynamics). To provide the right set point to the DC machine (DCM) rotation speed, the mechanical model is used with the IMD torque as input.
The fault tolerant architecture proposed in this paper is illustrated in figure (1) . The objective of this technique is to provide an observer (EKF) that generates an additive term u ad in the absence of faults that are added to the nominal control to compensate the effect of faults on the system. The instantaneous difference between the derivative of the system state and the estimated system becomes:
Equation (55) shows that z x converges to zero, as t → ∞, thenω r → ω r .
Thus, the fault is estimated by the following expression:
The function tanh represent a hyperbolic function. λ 1 and λ 2 are selected constant vector, (z y1 =ŷ 1 − y 1 ) and (z y2 =ŷ 2 − y 2 ) are the output estimation errors.
Reconfiguration Strategy
The structure of the global proposed fault tolerant controller is given by:
With u 1nom and u 2nom are the backstepping control laws, they are designed in un-faulty mode (V f = 0) to steer the tracking errors to zero and to compensate the load disturbance. u 1ad and u 2ad are additional control laws (compensation units) that will be designed in order to compensate the effect of faults.
Finally, the objective of the control is achieved by adopting the performed procedure and may compensate the effect of faults on the system. In the case of global control reconfiguration, the additional control laws (u 1ad and u 2ad ) can be expressed by:
NUMERICAL SIMULATION AND DISCUSSION
Numerical simulation results are presented in this section to validate the efficiency of the proposed FTC scheme. The overall block diagram of the induction motor drive is shown in Fig. 1 . A Matlab/Simulink computer program was developed to model the whole system. The parameters of simulations have been carried-out for an electric vehicle using a 1.5 kW induction motor with squirrel cage rotor based powertrain, supplied by a 3-leg VSI and a 1 kW separated excited DC machine supplied by a 4-quadrant chopper. The model of EV consists of a mass of 1.5 t, a wheel radius of 0.3 m, and a vehicle width of 1.6 m. The adaptation coefficients are chosen in function of speed and torque limitations: N = 20. The nominal parameters values of the used induction motor are shown in Table 1 .
Three cases are simulated. In the first case, we have illustrated the response of the machine without faults. In the second case there is one fault affect the motor in the stator caused by stator asymmetries (static eccentricity). In the third case there are two faults affects the motor in the stator (static eccentricity) and rotor (dynamic eccentricity). 
Simulation of the Backstepping control case
The first objective of this case is to evaluate the IM performance in healthy mode. In this case, variations of 100% of the rotor resistance (R r ) and stator resistance (R s ) between the time t = 14 s and t = 15 s with variable speed reference are introduced. We notice that the responses of speed and flux shows that the influence of this variation is weak, and that the dynamic error of flux and of speed estimation always remains low. We can see that the control present a stable and acceptable response. 
Single fault case
The obtained results are shown in Figures 5 to 10 . It is concluded from the simulations that, besides the rejection of external disturbance in all results. Thus, it clear to see that, the proposed FTC system gives satisfactory results in term of stability and tracking performance for the IMD. Then at time t= 14s an occurrence of one fault in the stator (Static eccentricity) is provoked. A trapezoidal trajectory with a reverse operation is imposed as set point of the vehicle velocity. The rotor speed of the machine converges to the speed generated by the mechanical model.
The simulation results show that the proposed FTC strategy is able to maintain the vehicle stability and acceptable performance under both faulty and fault free conditions.
Backstepping design for fault detection and FTC of an induction motor drives-based EVs T. Roubache, S. Chaouch, M.-S. Naït-Saïd Fig. 7 : Induction motor currents (x 2 ) in faulty conditions (upper plot) case of single fault affect the IM at time t = 14 s, and healthy conditions (lower plot) with using the proposed FTC scheme. Fig. 7 shows the IMD currents in both conditions. As we can see from the plots, an oscillatory behavior is observed when the fault is switched. Such oscillatory behavior can be easily eliminated by using the proposed fault tolerant control. We were able to achieve good tracking performances and disturbance rejection.
Two fault case
In this case, two faults are introduced, one in the stator and the other in the rotor. The same tests, presented previously, are applied to the machine during the introduction of fault tolerant control Figures (11-15) .
The rotor flux and the speed follow up the reference quickly and perfectly for the backstepping control which confirms the robustness of this technique. In order to simulate the stator fault, figures 9 and 10 shows the EKF performance in the estimate of unknown additive faults Vf1 and Vf2.
From these results, we can see that the proposed control is robust to parameter variations, but is insufficient in case of faults. Increased strength reduces the error on the speed but can not cancel the effect of faults on the currents.
The results show clearly the effectiveness of the FTC control that occurs during the application of the fault by removing all defects. In faulty conditions, it is found that EKF has better performance for high and low speeds and is also less sensitive to rotor and stator resistance variations. 
CONCLUSION
In this paper, we have proposed a new improved sensorless fault-tolerant control around the Backstepping struc- ture for induction motor drive by using both Backtepping strategy and Lyapunov stability theory. A new approach to fault estimation is presented, where an EKF is used for a good estimation of the faults. Then, additional control laws based on the resulting faults estimates permit to eliminate the effect of the faults.
The effectiveness of the proposed FTC system is verified by controlling two mechanical systems, an induction motor and an electric vehicle. The simulation results prove that the proposed FTC scheme can guarantee the good tracking performance as well as the stability of the closed-loop system against the simulated faults. Finally, it is important to highlight that the final performances of the proposed FTC strategy are mainly due to the fault estimate. APPENDIX A Table 1 . Rated data of the simulated Induction Motor , and fault error (right lower plot). All these results in case of two faults affects the IM at time t = 14 s, and with using the proposed FTC scheme.
